In the current research, europium doped ZnO nanopowders prepared by a microwave hydrothermal method are investigated. The effects of synthesis pressure on the morphologies, crystal structures, and optical properties of Eu-doped ZnO were analyzed by scanning electron microscopy, X-ray diffraction, cathodo-and photoluminescence. From our investigations it can be concluded that the synthesis pressure strongly influences the surface morphology. With the increase of the synthesis pressure from 2 MPa to 10 MPa significant changes can be observed. An increase of the mean crystallites sizes and change of the intensity ratio between the near band edge and defect related deep level emission band of ZnO were observed.
Introduction
Nowadays, rare-earth (RE) doped II-VI semiconductors attract a lot of attention due to their wide potential applications in biology and medicine, including for example biological labels, biosensors, or drug delivery systems [1] . One of the most popular and suitable host material for RE doping is zinc oxide ZnO. This semiconductor has a wide band gap (3.37 eV) and high exciton binding energy (60 MeV). An extensive use of ZnO originates also from its biocompatibility and nontoxicity. The RE ions are doped to ZnO to improve the luminescence efficiency [2] . Among them, Eu 3+ ions have been investigated especially in view of their strong, sharp emission lines in red spectral region.
Many synthesis methods can be used to produce RE doped II-VI nanopowders. These techniques include for example sol-gel, hydrothermal synthesis, polyol, coprecipitation, combustion, gas-phase condensation [3] [4] [5] [6] [7] . Among them, the hydrothermal synthesis has been proven to be one of the most attractive and promising method [8] . First of all, this technique is non-expensive, relatively simple and easy to control [9] . Furthermore, it allows to obtain small nanoparticles with narrow distribution of sizes and high purity [10, 11] . It is also known that synthesis conditions have a significant effect on the morphology and optical properties of the produced materials [12, 13] . Optical, topographical and structural properties of Eu doped ZnO nanopowders obtained by hydrothermal method have been investigated earlier [14] . However, there is a lack of detailed studies on the effect of synthesis pressure on these features. Therefore, an attempt to resolve this issue became the main motivation for this work. * corresponding author; e-mail: jaroslavuss@wp.pl
Experimental details
ZnO nanopowders doped with 0.5% mol of Eu were prepared by a microwave hydrothermal method using nitrate(V) precursors. 18.187 g of zinc nitrate(V) Zn(NO 3 ) 2 · 6H 2 O (Sigma-Aldrich, Poland) and 0.131 g of europium(III) nitrate(V) Eu(NO 3 ) 3 · 5H 2 O (SigmaAldrich, Poland) were dissolved in a distilled water. Then, the solution was stirred and alkalified with aqueous ammonia solution (25%, Carl Roth) to pH = 10. After obtaining a white precipitate, the product was washed repeatedly in distilled water and was moved to the Teflon reaction vessel of the microwave hydrothermal reactor (Ertec, Poland). Hydrothermal process was conducted at 2, 4, 6, 8 and 1 MPa by 20 min. After the syntheses, the samples were taken out and dried overnight at 40
• C. All Eu-doped ZnO nanopowders were prepared with the same procedure to study the pressure influence on properties of obtained samples.
X-ray diffraction (XRD) measurements were carried out using Phillips XPert powder diffractometer working with Cu K α radiation (1.54060 Å). The data were taken for the 2θ range from 20
• to 70
• with a step of 0.05
• . The surface morphology of the Eu doped ZnO nanopowders was examined by using scanning electron microscope (SEM) Hitachi model SU-70 with cathodoluminescence system GATAN Mono CL3. The add-on was necessary for optical investigations, which were conducted in the spectral range of 360-660 nm. Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were measured at room temperature with the Horiba/JobinYvon Fluorolog-3 spectrofluorimeter.
Structural properties
The XRD patterns of Eu doped samples obtained at different pressures are shown in Fig. 1 . Diffraction patterns were divided into two ranges: normalized between 30−80
• and magnified 10× in range 15−30
• . As seen in the figure, eleven Bragg reflections are observed, which can be indexed to wurtzite type ZnO structure (according to PDF card no. 36-1451). The Miller indices (hkl) to each peak were assigned. We also conclude that majority of Eu 3+ ions are doped into the ZnO lattice, since no diffraction peaks from europium related compounds were observed. The strongest diffraction peak originates from the preferred (101) orientation [15] . It is also worth noting that positions of main diffraction peaks of Eudoped ZnO samples are slightly shifted to lower angles compared to the diffraction patterns of undoped ZnO. This fact can be explained by the difference between ionic radii of Eu 3+ (0.95 Å) and Zn 2+ (0.74 Å) [16] . The Eu 3+ ions occupy the lattice sites of Zn 2+ causing the increase in the inter-atomic distance and thus leading to the change in lattice parameters. A similar phenomenon was observed in other studies on Eu-doped ZnO structures [17, 18] . However, diffraction peaks from impurities are found in all the samples. These weak Bragg reflections are detected in the range of 2θ ≈ 20−30
• and are assigned to zinc nitrate hydroxide family compounds exhibiting monoclinic structure [19] . The formulae of these compounds (followed by the powder diffraction file number) are: • . These impurities most likely crystallized from the remnants of the nitrate(V) groups, which were closed in the structure of the initial residue. Nanopowders contain different quantities of phase impurities, depending on the synthesis pressure. The relations between the impurity phases will not be discussed here in detail, since its content is relatively low.
In X-ray diffraction patterns, all the reflexes are broadened. It indicates small crystallite sizes as well as low crystallinity of obtained materials. The mean crystallite size (MCS) is estimated using the Scherrer formula (Fig. 2F) . MCS values increase from 32 to 51 nm in the pressure range 2-10 MPa. Surface morphology was studied using SEM technique. The relevant results are shown in Fig. 2A-E . Generally, the morphology and the size of obtained nanopowders strongly depend on the pressure of the reaction. SEM images of Eu-doped ZnO nanopowders indicate that samples prepared at the different pressures vary in shape and size. As presented in Fig. 2A, 2D , 2E grains obtained at the pressure of 2, 8, and 10 MPa are elongated, similar to deformed hexagonal prisms. On the other hand, additional irregular nanoplate-like structures were observed in Fig. 2C as well as in 2B with additional elongated hexagonal prisms. The average grain/agglomerate sizes were directly taken from the SEM images (Fig. 2F) . At least 500 of the objects were measured for each pressure. In the case of elongated, hexagonal prism shaped ZnO grains, transverse size was measured along (101) and (100) planes. Preferred growth axis is, however, (002) -as indicate the longest sides of the prisms.
It is worth noting that the size of grains in the samples obtained directly from the SEM images is larger than that derived from the XRD data (Fig. 2F) . This means that the SEM images do not show the primary ZnO crystallites, but rather display the size of agglomerates.
Spectroscopic properties
PL emission spectra were measured with excitation wavelength 260 nm at room temperature. The PL data is shown in Fig. 3 . The spectra of obtained samples consist of two emission bands. One of them is peaking around 392 nm (UV) and is related to near band excitonic emission (NBE) [21] . The broad band emission from 450 to 700 nm is named deep level emission (DLE) and is attributed to intrinsic defects in the crystal structure, such as O-vacancy, O-interstitial, Zn-vacancy, Zn-interstitial, O-antisite and extrinsic impurities [22] . The near band edge emission is weakly visible in the sample prepared at 2 MPa (Fig. 3A) suggesting a low crystallinity of the material. This corresponds with MCS calculations. In all cases, no emission related to Eu 3+ was observed, because the excitation wavelength is lower than 385 nm [23] and the 4.7 eV (260 nm) photons are not in resonance with any transitions of Eu 3+ ions. It is also worth noting that the intensity ratio of I NBE to I DLE is increasing with the synthesis pressure, as seen in Fig. 3B . The ratio of near band edge and deep level emission was calculated by integrating the spectra in the ranges 300-420 nm and 420-800 nm for each type of luminescence respectively and division of resulting values (Fig. 3B) . The ratio for both CL (spectra not shown) and PL measurements increases, suggesting improvement of material crystallinity with increasing synthesis pressure. Photoluminescence emission spectra, which were taken with the resolution of 0.2 nm and for excitation wavelength λ exc = 466 nm, are depicted in Fig. 4 . Sharp emission lines, which are derived from . Taking all this into account, in the case of samples obtained at 6 and 8 MPa, trivalent europium ions are substituting zinc in ZnO lattice and are located at a site with C 3v symmetry.
In the spectra of samples obtained at 2, 4, and 10 MPa (Fig. 4A,B,E) photoluminescence peaks overlap. In a large extent the broad lines cover the crystal field splitting structure and in this case is not possible to make a symmetry determination. The inhomogeneous line broadening indicates that there are many non-equivalent sites in the crystal lattice [24] . (Fig. 5A ).
Sharp lines of this spectrum are not intensive and wellseparated, which might suggest a distortion of lattice environment. 
Conclusions
The effect of synthesis pressure on properties of Eudoped ZnO nanopowders prepared by microwave hydrothermal method was investigated. Various morphologies of Eu-doped ZnO nanopowders were obtained from different reaction pressures. From the SEM investigations can be found that the synthesis pressure can change the surface morphology of Eu doped ZnO nanopowders. From XRD investigations, diffraction peaks from impurities were detected. The lowest content of hydroxide nitrate phases was observed in 8 MPa sample. Results of PL and PLE measurements indicate that the samples prepared at 2 and 4 MPa show the lowest crystallinity. The intensity ratio between the band edge and defect related band of ZnO is increased with the synthesis pressure as well as the mean crystallite sizes. Generally, the results revealed improvement in crystal structure with increase of synthesis pressure.
